A mercury enclosure vessel for the pulsed spallation neutron source manufactured from a type 316L austenitic stainless steel, a so-called target vessel, suffers the cyclic loading caused by the proton beam induced pressure waves. A design criteria of the JSNS target vessel which is defined based on the irradiation damage is 2500 hours at 1 MW with a repetition rate of 25 Hz, that is, the target vessel suffers approximately 10 9 cyclic loading while in operation. Furthermore, strain rate of the beam window of the target vessel reaches 50 s −1 at the maximum, which is much higher than that of the conventional fatigue. Gigacycle fatigue strength up to 10 9 cycles for solution annealed 316L (SA) and cold-worked 316L (CW) were investigated through the ultrasonic fatigue tests. Fatigue tests were performed under room temperature and 250 • C which is the maximum temperature evaluated at the beam window in order to investigate the effect of temperature on fatigue strength of SA and CW 316L. The results showed that the fatigue strength at 250 • C is clearly reduced in comparison with room temperature, regardless of cold work level. In addition, residual strength and micro hardness of the fatigue tested spec-imen were measured to investigate the change in mechanical properties by cyclic loading. Cyclic hardening was observed in both the SA and CW 316L, and cyclic softening was observed in the initial stage of cyclic loading in CW 316L. Furthermore, abrupt temperature rising just before fatigue failure was observed regardless of testing conditions.
Introduction
A liquid mercury target system providing pulsed neutron beams has been operating at the Japan Spallation Neutron Source (JSNS) in the Japan Proton Accelerator Research Complex (J-PARC) [1] . High-intense proton beams, up to 1 MW at 25 Hz with a 1 µs in a pulse duration, are injected into the liquid mercury to produce spallation neutrons. A mercury enclosure vessel made from type 316L stainless steel, a so-called target vessel is loaded with cyclic stresses resulting from the thermal energy and pressure waves induced by the proton beam bombardment [2] . The target vessel also suffers proton and neutron irradiation and the liquid mercury immersion. An original design criteria of the JSNS target vessel was decided temporary to below 5 dpa based on ductility under irradiation, which should remain acceptable for a lifetime of 2500 hours at 1 MW [3] . The target vessel, therefore, suffers approximately 10 9 cyclic loading during operation. Furthermore, the strain rate at the beam window of the target vessel reaches up to ca. 50 s −1 at the maximum, which is much higher than that of conventional fatigue loadings [4] .
On the basis of the off-beam and on-beam damage experiments, cavitation damage owing to pressure waves is the main factor to determine the service life of the target vessel rather than the irradiation damage at present [5] . The fatigue crack propagation originates readily at the cavitation damaged area. Reduction of the residual strength due to inclusions was observed in the target vessel of the Spallation Neutron Source at the Oak Ridge National Laboratory (ORNL) [6, 7] .
In general, the gigacycle fatigue strength is reduced by inclusion. Therefore, the gigacycle fatigue will be an important factor influencing the lifetime of the target vessel.
In general, the fatigue failure in gigacycle experiments occurs earlier than that of the fatigue limit, based on the results of conventional fatigue tests up to 10 7 cycles. It is known that the internal failure originating from inclusions occurs in the gigacycle region for the high strength steels [8] . For austenitic stainless steels, it was reported that the internal failure was observed at higher than 10 7 cycles in the case of the pre-strained (cold-worked) material, whereas the fatigue failure originating from the surface was dominant in the case of the solution annealed material [9, 10] .
On the other hand, Liquid Metal Embrittlement (LME), a phenomenon that occurs when solid metal is in contact with liquid metals, may affect the fatigue life in gigacycle. It was reported that the low cycle fatigue strength degradation with grain boundary failure of austenitic stainless steels by mercury immersion, and the effect seemed to be depending on the immersion time (testing frequency) [11, 12] . The authors previously investigated the fatigue crack propagation in mercury through the bending fatigue test [13] . The results showed that the crack growth rate was slightly accelerated by mercury. It was also reported the quasi-static elongation of austenitic stainless steel was degraded by mercury immersion, but the degradation was dependent on strain rate [14] .
Gigacycle fatigue strength for the solution annealed type 316L stainless steel (SA 316L) and the cold worked 316L (CW 316L) were investigated through an ultrasonic fatigue test in this study. Fatigue tests were conducted under room temperature and 250 • C, which is the maximum temperature evaluated at the beam window of the target vessel in order to investigate the effect of testing temperature on gigacycle fatigue strength under high-strain rate loading. Furthermore, the mechanical properties change due to the cyclic loading were investigated through the tensile test and micro-indentation test.
Experimental procedure

Material and specimen
Type 316L austenitic stainless steel, which is the structural material of the mercury target vessel, was selected for the gigacycle fatigue tests. Table 1 shows the chemical compositions of the material. The as-received plate of 15 mm thickness has been solution-annealed at 1120 • C for 7.5 min with a water quench (hereinafter referred to as SA 316L). A part of the SA 316L plate was cold-rolled to 10% and 20% reduction in thickness to increase the dislocation density to simulate irradiation hardened materials, hereinafter referred to as 10%CW and 20%CW, respectively. 20%CW material closely matches the mechanical properties of SA 316L steel irradiated to 1 dpa irradiation below 100 • C [11] .
An hour-glass shape specimens were machined from the SA and CW 316L plates, and were used for the fatigue test as shown in Fig. 1 as-machined (Ra=0.46 µm, Rz=2.4 µm). It is well known that the surface roughness of a specimen has the effect on fatigue strength. In the previous study, the effect of surface finish on ultrasonic fatigue test was investigated by using the buffpolished and as-machined specimens [4] . The result showed that the as-machined surface had no effect on fatigue strength compared with the polished surface, and estimated √ area value, which is the square root of the projection area of defect [15] , of as-machined specimen was smaller than that of the effective value on fatigue limit.
In order to investigate the effect of mercury on the gigacycle fatigue strength, fatigue test was conducted using the mercury immersed specimens. It is reported that the fatigue strength was obviously degraded under the condition of mercury immersion at room temperature [11] [12] [13] . However, it is difficult to conduct the ultrasonic fatigue testing under the condition of mercury immersion. Accordingly, the mercury immersed specimen was used for the fatigue test. A part of machined SA 316L specimens were immersed in mercury for 5000 hours at room temperature. After mercury immersion, the specimen was washed in ethanol with an ultrasonic bath to remove the mercury from the specimen surface and conduct the fatigue test.
Ultrasonic fatigue test
Load controlled gigacycle fatigue tests were conducted using an ultrasonic fa- experimental setup. The ultrasonic oscillation was applied to one end of the specimen through the piezoelectric actuator of 20 kHz in resonance frequency. Ratio of stress R = σ max /σ min in this experiment is −1, that is tensile-compression. The applied stress amplitude to the specimen, σ a , was estimated from the following equations [16] :
where a is the displacement amplitude of the specimen, E is the Young s modulus, c is the sound speed described as E/ρ, ρ is the density, l and L are dimensions of the specimen shown in Fig. 1 . The strain rate of the specimen which depending on the stress amplitude is approximately 10 2 s −1 .
The surface temperature of the specimen is rapidly increased due to the selfheating by ultrasonic oscillation, especially, since austenitic stainless steel has a low heat conductivity and a large internal friction. In order to control the specimen temperature during the ultrasonic fatigue test, intermittent loading and air cooling were applied in this experiment. The former is conducted by controlling the load- fined as the number of cycles at which the resonance frequency of the specimen exceeds by ±500 Hz the initial frequency due to the occurrence of the microcrack.
Mechanical properties measurement
After the ultrasonic fatigue tests, quasi-static tensile tests were performed to measure the ultimate tensile strength as the residual strength using the fatiguetested specimen. The parallel part of the specimen was chucked and tensile stress was applied at the constant crosshead speed of 5 mm/min using a hydraulic test-ing machine (Shimadzu, 4890-servolulser). Fracture surfaces of the tensile specimens were observed by using a scanning electron microscope (SEM, Keyence, VE-7800) and optical microscope (Keyence, VHX-900), in order to localize the fatigue crack origin due to cyclic loading.
Some parts of the fatigue-tested specimens without tensile test were cut in a longitudinal direction and buff-polished for microhardness measurement. Microhardness was measured using the microhardness tester (Shimadzu, DUH-W201S)
with the Berkovich tip to investigate the change in the hardness by cyclic loading.
The load-depth curve was continuously measured, and the universal hardness, H u , was evaluated using the following equation;
where L max is the maximum load applied to the specimen and D max is the maximum depth of indent [17] . The maximum load and loading rate were 29.4 mN and 1.47 mN/sec, respectively.
Results
Specimen temperature
A typical example of the measurement result for the displacement and the surface temperature of the specimen for 20%CW 316L at σ a =435 MPa are shown in It can be seen that the specimen is elongated approximately 5 µm after a period of oscillations due the thermal expansion. On the other hand, the temperature of the specimen surface, because the sampling rate of the thermometer is insufficient, seems to be delayed with the loading, and is gradually decreasing the arresting time. Fig. 4 shows the change in the specimen surface temperature as a function of the number of cycles for SA 316L tested at room temperature (RT) and 250 • C (HT). In the case of HT, surface temperature was fluctuating because the flow rate of the cooling air was manually controlled to keep the surface temperature around 250 • C. It can be seen that the abrupt temperature rise just before failure are observed for both RT and HT. It was also recognized that the tempering color due to the temperature rise on the center part of the specimen surface was circular. It is noted that the temperature just before failure in the test at 250 • C is saturated due to thermometer overrange. The abrupt temperature rise was occurred after reaching approximately 99% of lifetime in this experiment. 316L at 20 kHz with R = −1 seems to be higher than that of SA 316LN at 10 Hz with R = −1. It is suggested that the fatigue strength under the high-strain rate is higher than that under normal strain rate.
It is also recognized that the fatigue failure occurred after a number of cycles higher than 10 7 in the ultrasonic fatigue tests, and obviously the fatigue limit is not reached up to 10 9 cycles, regardless of the cold work level. Fatigue strength of 10%CW and 20%CW 316L are clearly higher than that of SA 316L because of increase of yield stress due to the work hardening. However, no obvious differences are observed between 10%CW and 20%CW in the region of high-cycles (from 10 4 to 10 7 cycles). To quantitatively compare the difference of fatigue strength due to the cold work level, the fatigue data are represented by the following S -N relations [18] ;
where σ a and N f are the applied stress amplitude and the number of cycles to failure, respectively, and a and b are the fitting constants. Fitted results of each material are shown in Fig. 5 . The fatigue degradation rate, which is defined as the slope of the fatigue curve, a, for SA, 10%CW, and 20%CW 316L are −23.4, −23.2, and −8.43, respectively, and decreases with the increase of in the cold work level. That is, the sensitivity of stress amplitude on fatigue life decreases with the cold work level.
Effect of testing temperature on fatigue strength
The S -N curves for SA and 10%CW 316L at room temperature (RT) and 250 • C (HT) are summarized in Fig. 6 . It is noted that the stress amplitude at approximately 0.61 for SA 316L, is slightly higher than that of 10%CW 316L, approximately 0.60. It is also reported that the fatigue strength in low cycle region and the fatigue limit is reduced by temperature rise under the conventional fatigue tests [19, 20] . As mentioned above, the maximum temperature of the beam window portion of the mercury target vessel reaches 250 • C. Therefore, this fatigue strength degradation by temperature is important for lifetime of the target vessel. The design curve of the JSNS target at 95% of failure probability [21] is plotted in Fig. 6 . It is noted that the design curve was converted from ε a -N f relation to σ a -N f relation using a constant Young's modulus. It can be seen that the SA 316L tested in HT is below the design curve. Therefore is the target vessel would have the possibility to fail in gigacycle region, if the material would not be hardened by the proton and neutron irradiation.
Effect of mercury on fatigue strength
The S -N curves of as-received and 5000 hours mercury-immersed SA 316L tested in air at room temperature obtained by the ultrasonic fatigue tests are summarised in Fig. 7 . The fatigue strength of mercury-immersed specimen in highcycle region (from 10 4 to 10 7 cycles) seems to be lower than that of as-received specimen, based on the number of data available. The effect of mercury is seems to be relatively smaller than the effect of temperature. The slope of fatigue degradation, a, in Eq. (5) in mercury-immersed specimen is −8.78.
It was reported that a surface thin layer of less than 10 µm in thickness is slightly hardened by mercury immersion at 150 • C [22] . However, since the hardened layer is thin, it was not contributing to increase the fatigue strength as the cold worked specimen. On the other hand, it was reported that the fatigue strength is degraded by in mercury under conventional tensile and bending fatigue tests [11] [12] [13] 19] , and experimental results seems to show the same trend with the previously reported results in mercury. However, it is noted that the mechanism of the degradation of fatigue strength in this experiment is different from the previous experiment. The former may caused by surface hardening by mercury immersion, the latter is caused by change of crack growth rate by mercury. Details will be discussed in future work. to be recovered to the level of the non fatigued material. Fig. 9 shows the change in the universal hardness as a function of the number of cycles at room temperature. It is noted that the universal hardness in each number of cycles is the average value of 5 data points. It is well known that the hardness is correlated with the tensile strength [23] . It can be seen in Fig. 9 that the hardness increases with the number of cycles in the case of SA 316L, and shows a similar trend with the residual strength (see Fig. 8 ). In the cases of 10%CW and 20%CW 316L, it can be seen that cyclic softening is observed at cycles below 10 6 cycles. On the other hand, above 10 6 cycles, cyclic hardening is seen for both the 10%CW and the 20%CW 316L. The rate of increase in hardness as a function of the number cycles above 10 6 cycles for 10%CW 316L is obviously larger than that of 20%CW 316L, and the hardness seems to saturate around 4.8 GPa. Fig. 9 . Change in the hardness as a function of the number of cycles for SA, 10%
Mechanical properties change by cyclic loading
Residual strength
Microhardness change by cyclic loading
CW, and 20% CW 316L tested in room temperature. 
Fracture surface
Crack observation
The surface of fatigue tested specimens were observed using optical microscope and SEM. In the case of SA 316L, in most specimens, fatigue cracks were not observed from the observations of the surface because the cracks were closed and tiny. However, in the case of 20%CW 316L, the surface crack can be observed. Fig. 11 shows an example of the surface and cross sectional crack images of fatigue crack for 20%CW 316L tested at σ a =435 MPa and N f =7.20×10 8 . It can be seen that the tempering color of the surface resulting from the temperature rising just before failure is recognized around the multiple small cracks. The main crack is propagating from the multiple crack and its direction is 45 • of the loading direction. Fig. 12 shows the cross-sectional images of the crack for 20%CW 316L shown in Fig. 11 , obtained by SEM. It can be seen that the small cracks are starting at the specimen surface and the main crack is also propagating from surface.
In this experiment, internal failures originated by a fatigue crack propagating from an inclusion were not observed, regardless of cold work level.
Discussion
Temperature rise just before failure
In the ultrasonic fatigue test, the abrupt temperature rise just before failure was observed regardless of the testing temperature as shown in Fig. 4 . Fig. 13 shows the rescaled temperature histories just before failure for SA 316L tested at 260 MPa at room temperature. It is noted that the number of cycles is estimated from the equivalent frequency and saw-like temperature change is correlated with the timing of intermittent loading and arresting. It can be seen that the abruptly increase of surface temperature is recorded four times at around 7.34×10 6 and 7.38×10 6 cycles. These abrupt temperature rise might be related to the initiation and propagation of the fatigue cracks. In our experiment, the fatigue test was stopped when the resonance frequency was shifted by ±500 Hz from initial level by the fatigue crack. At this moment the maximum temperature just before failure seemed to be depending on the applied stress. This temperature rise is also reported for carbon steel and aluminium alloys, and it is suggested that the plastic deformation around the crack tip contributes to the temperature rise [24, 25] . It is proposed that the detection of the macro fatigue crack initiation of the structural material by measuring the temperature distribution could be done using thermog- raphy [26] , and it is also proposed that the evaluation of the dissipated energy by measuring the temperature distribution could be used for estimating the fatigue limit [27] . Furthermore, these methods were performed under the conditions of conventional fatigues (∼10 Hz), and seems to be applicable for our case regardless of strain rate. The residual strength of the fatigue-failed specimen, which contains the small and closed fatigue cracks, is hardly changed in comparison with the specimen without any fatigue damage. Therefore, the in situ measurement of the temperature distribution through the non-contact monitoring technique has the possibility to detect fatigue cracks for not only the mercury target vessel but also nuclear structural component.
Effect of strain rate and temperature on fatigue strength
As shown in Fig. 5 , fatigue strength of the ultrasonic fatigue tests performed at strain rate of 10 2 s −1 is higher than that of the conventional fatigue tests performed about 10 −1 s −1 . The similar trends are reported in 50CrMo4 [28] and type 304L stainless steels [29] . It is well known that the yield stress and the ultimate tensile strength (UTS) are varied by the temperature and the strain rate [30, 31] . [32] . It can be seen that the yield stress and the UTS are decreased with increasing in temperature. The reduction in the rate of yield stress and UTS of SA 316L from room temperer above to 250 • C seems to be larger than that of CW. Therefore the reduction of the fatigue strength by temperature for SA is slightly larger than that of CW, as shown before.
Cyclic hardening and softening
It is known that dynamic strain aging due to cyclic stress increases the hardness and the fatigue strength of the specimen [32] [33] [34] . For example, Hong et al.,
suggested that dynamic strain aging induces hardening and supresses crack initiation [32] . Kako et al., systematically investigated the occurrence of dynamic strain aging for SA by changing the temperature and the strain rate [34] . It was shown that in the case strain rates higher than 10 −1 , the temperature range in which dy-namic strain aging can occur is approximately 400∼750 • C, that is, dynamic strain aging may not occur in our experimental condition.
As the other possible factor for cyclic hardening is the deformation-induced martensitic transformation. However, for type 316L stainless steel, it was reported that the martensitic transformation is not observed except for around fatigue crack by the cyclic-loading under room temperature, whereas observed in low temperature less than -100 • C [35] . It was also reported 316 SS dose not form deformation-induced martensite by the tensile testing up to 50% in engineering strain [36] .
On the other hand, it is known that the dislocation density is increased by cold work level, and the hardness is proportional to the square root of the dislocation density [37] . Although the dislocation density of the specimen is not measured directly in this study, the cyclic hardening of SA seems to be caused by the accumulation of dislocation by cyclic loading. Fig. 15 shows the dislocation variation by cyclic loading as schematically. When the CW 316L is suffering cyclic load, the decreasing of the dislocation density caused by pre-existed dislocation due to the annihilation of pre-existed dislocation (D a ), and the rate of decreasing is higher than the rate of increase of the dislocation density by cyclic loading (D c ).
Until the number of cycles reach up to a certain value (N ′ ), since the decreasing of the pre-existed dislocation density, the decreasing by annihilation (D a ) and
increasing by accumulation (D c ) of the dislocation density will reach up to a balance. Thereafter, the decreasing of the dislocation density due to the annihilation of pre-existed dislocation will be lower than the increment of the dislocation density caused by cyclic loading. In future work, we are planning to measure the dislocation density of the fatigue-tested specimens through the neutron diffraction Fig. 15 . Relationship between the dislocation density and the number of loading cycles.
method using the instrumentation of J-PARC.
In the case of the proton and neutron irradiation environment as for the mercury target vessel, accumulation of the dislocation due to displacement damage will occur during the operation. The cyclic softening, which took place in the cold-worked materials, will contribute to annihilate the radiation hardening by cyclic softening. It is known that hardness is well correlated with strength, e.g. yield stress, UTS, and fatigue strength [38] . Fig. 16 shows the schematic behavior of the overall hardness as a function of the time. In the initial stage of region I, hardness will increase with time due to the radiation hardening and cyclic hardening (D c > D a ). In the next stage, region II, the hardness will gradually saturate, that is radiation and cyclic hardening will balance each other due to the cyclic Fig. 16 . Relationship between the hardness and time under the radiation environment.
Conclusion
Giga cycle fatigue behavior of type 316L stainless steel, which is the structural material of the mercury target vessel for the spallation neutron source, was investigated through the ultrasonic fatigue test under high-strain rate, at room temperature and 250 • C. The following was concluded:
(1) Fatigue strength in high-strain rate of around 10 2 s −1 is clearly higher than that found in conventional fatigues tests performed around 10 −3 ∼10 −1 s −1 .
An obvious fatigue limit was not observed below 10 9 cycles, regardless of cold work level and testing temperature.
(2) Fatigue strength at 250 • C was obviously lower than at room temperature, regardless of cold work level. In the very high cycle region, fatigue data tested at 250 • C were below 316L the design curve of the JSNS target vessel.
The reduction rate of the fatigue strength by temperature for SA is slightly higher than that of the CW 316L.
(3) Fatigue strength of mercury-immersed specimen up to 10 7 cycles seems to be lower than that of the as-received material, due to the mercury immersion.
(4) Apparent temperature rise was observed just before the failure of the ultrasonic fatigue test for both of SA and CW 316L specimens. This trend might be useful to detect the fatigue crack initiation of the components before failure, because the small induced fatigue crack did not lower the residual strength of the material.
(5) Cyclic dislocation hardening was responsible for the residual strength and hardness change of SA 316L. On the other hand, in the cases of 10%CW and 20%CW 316L, cyclic softening due to dislocation annihilation below 10 6 cycles and cyclic hardening appeared above 10 7 cycles.
